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I. INTRODUCTION 

Atmospheric structure of a planet is roughly defined 
by the altitude profile of very few thermodynamic parameters. 
These are temperature, pressure, mass and number density. To 
take account of chemical composition, both partial and total 
pressures have to be considered. Through interaction with the 
solar energy flux, and by their mutual interplay, a profile 
of these parameters evolves which serves as an adequate model 
of an average static atmosphere for most engineering purposes. 
In some instances (e.g., the effect of winds on landing operations) 
certain dynamic processes have to be considered; analysis of 
others, such as, for example, ionospheric phenomena, may also 
be required for a clearer insight into the structure of even the 
static atmosphere. 

Prior to exploration with in situ probes carried 
aloft by high altitude rockets and satellites, knowledge of the 
earth's atmosphere was sparse and subject to large uncertainties 
in some areas, such as, e.g., the temperature profile and compo- 
sition at altitudes above 100 km. In the absence of direct 
close-by observation, knowledge of planetary atmospheres was 
based exclusively on results of astronomical investigations, 
limited to the narrow windows of the electromagnetic spectrum 
accessible through the terrestrial atmosphere. 

For Mars these observations provided a fairly reliable 
estimate of surface temperature, determining the latter within 
about 20% of 240OK. This value of surface temperature, averaged 
over the sunlit disk, and widely accepted before Mariner IV ¶ 

is,indeed, in good agreement with the determination of near surface 
temperature deduced from the results of this recent experiment. 
It is probably very close to the value that an in situ thermometer 
will cietermine in the future. Moreover, scans over the sunlit 
disk provided insight into the diurnal temperature variation 
which appears to display an amplitude of "50'K on either side of 

(1) ( 2 )  

the central value indicated. i 
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On t h e  o t h e r  hand,  Mariner  I V  r e s u l t s  r e v e a l e d  t h a t  
p r e v i o u s  es t imates  of compos i t ion  and p r e s s u r e  were f a r  o f f  t h e  
mark.  As t ronomica l  o b s e r v a t i o n s  had l e d  t o  q u a l i t a t i v e  i d e n t i -  
f i c a t i o n  of some chemica l  components of  t h e  M a r t i a n  a tmosphe re ,  
s u c h  as c a r b o n  d i o x i d e  and w a t e r  v a p o r .  
l i m i t  of  ~ 1 0  gm cm-2 had been  o b t a i n e d  from c a r e f u l  a n a l y s i s  o f  
M a r t i a n  s p e c t r a  (4) (5). 
M a r t i a n  a tmosphere  had a l s o  been c l e a r l y  e s t a b l i s h e d ;  b u t  i t s  
q u a n t i t y  was ( and  s t i l l  i s )  s u b j e c t  t o  l a r g e  u n c e r t a i n t y ,  
e s t i m a t e s  r a n g i n g  f rom 2r1.4 x 10-3 gm cm -2 (') t o  2 x g m  
cm -2 (6). 

abundance l i m i t s  c o u l d  b e  a s c e r t a i n e d ?  
model of t h e  M a r t i a n  a tmosphere  assumed, i n  ana logy  w i t h  t h e  
e a r t h ,  a p reponderance  of n i t r o g e n  i n  t h i s  p l a n e t ' s  a t m o s p h e r i c  
c o m p o s i t i o n ,  though,  owing t o  i t s  s p e c t r o s c o p i c  i n e r t n e s s ,  
n i t r o g e n  c o u l d  n e v e r  be d i r e c t l y  i d e n t i f i e d .  The a c c e p t e d  va,lue 
of s u r f a c e  p r e s s u r e  c e n t e r e d  around $85 mb. 

F o r  C 0 2  a lower  abundance 

The p r e s e n c e  of water vapor  i n  t h e  

F o r  o t h e r  components,  such  as C O  and 0 2 ,  o n l y  uppe r  
But for years  t h e  a c c e p t e d  

The Mar ine r  I V  o c c u l t a t i o n  expe r imen t  conf i rmed  t h e  
e a r l i e r  es t imate  of  C 0 2  abundance,  b u t  i n d i c a t e d  t h a t  C 0 2  i s  t h e  

ma jo r  c o n s t i t u e n t  of  t h e  Mar t i an  a tmosphere .  It a l s o  r e v i s e d  
d r a s t i c a l l y  t h e  es t imate  of s u r f a c e  p r e s s u r e ,  which i s  now 
t h o u g h t t o  be abou t  5-10 mb, an o r d e r  o f  magni tude  below t h e  
v a l u e  i n d i c a t e d  above.  

I n  view of  t h e  p a u c i t y  of unambiguous e m p i r i c a l  da ta ,  
n r e a t  l a t i t u d e  e x i s t e d  f o r  t h e  c o n s t r u c t i o n  o f  a t m o s o h e r i c  v 

models  f o r  Mars ( 7 )  ( 8 )  (') ( lo)  a iming  a t  a d e s c r i p t i o n  o f  i t s  
t e m p e r a t u r e  and d e n s i t y  p r o f i l e .  I n  g e n e r a l  t h e s e  models ,  
s t a r t i n g  f rom q u e s t i o n a b l e  a s sumpt ions ,  l e d  t o  wrong c o n c l u s i o n s .  

The Mar iner  I V  o c c u l t a t i o n  expe r imen t  y i e l d e d  t h e  f i rs t  
g l impse  i n t o  t h e  a c t u a l  s t r u c t u r e  o f  t h e  Mar t i an -  a tmosphe re  by  
o b t a i n i n g  da ta  which r e f e r  t o  d i f f e r e n t  d i s t i n c t  r e g i o n s  o f  t h e  
a tmosphe re .  T h i s  i s  i n  c o n t r a s t  t o  a l l  p r e v i o u s  a s t r o n o m i c a l  
s t u d i e s  which,  apar t  f rom t h o s e  o f  s u r f a c e  and s u b s u r f a c e  
t e m p e r a t u r e ,  i n e v i t a b l y  obse rved  e f f e c t s  i n t e g r a t e d  o v e r  t h e  
whole of t h e  p l a n e t ' s  gaseous  e n v e l o p e ,  and t h e r e f o r e  were 
amenable  t o  g rea t  a m b i g u i t i e s  i n  i n t e r p r e t a t i o n .  

The fundamen ta l  c h a r a c t e r  o f  t h e  Mar ine r  I V  r e s u l t s  
and t h e  r e l a t i v e l y  h i g h  accu racy  of  t h e  deduced s t r u c t u r a l  
p a r a m e t e r s  i s  e v i d e n t  f rom T a b l e  1, a d a p t e d  from F j e l d b o ,  G . ,  
e t  a t  (11) 

*Recent r e p o r t s  on r e s u l t s  of s p e c t r o s c o p i c  o b s e r v a t i o n s  o f  
Flars w i t h  a h i g h  r e s o l u t i o n  i n t e r f e r o m e t e r  ( C o n n e s , J .  , P.Connes,  
and  L. D .  Kaplan ,  S c i e n c e ,  m, '73'3, August 1966) i n d i c a t e  t h e  

d e r i v a t i v e s  i n  t h e  M a r t i a n  a tmosphe re .  
p re se r l ce  of a s u r p r i s i n g l y  h igh  f r a c t i o n  (-10 -3 ) of methane 
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TABLE I 

SUMMARY OF STRUCTURAL PARAMETERS OBTAINED FROM THE 

MARINER I V  O C C U L T A T I O N  EXPERIMBNT AT IMMERSION 

2 . 0 5  t 0 . 2 5  x 1 0  1 7  cm -3 - S u r f a c e  Number D e n s i t y  

S u r f a c e  Mass D e n s i t y  

Surf  a c e  S c a l e  Height  

S u r f  a c e  P r e s s u r e  5 . 1  - + 1.1 mb 

Near  S u r f  a c e  Tempera ture  175 - t 25OK 

E l e c t r o n  D e n s i t y  a t  120 - + 5km 9 . 5  - t 1.0 x 10 

E l e c t r o n  D e n s i t y  a t  Q lOOkm ~ 2 . 5  x 1 0  emm3 

P l a s m a  S c a l e  Height  above 

1 . 5 0  - t 0 .15  x 10-5gm cm-3 

9 . 0  + 1 . 0  x 10 5 cm - 

4 cm-3 

4 

6 2 . 4  t 0 . 3  x 1 0  cm - E l e c t r o n  Peak 

These r e s u l t s  p u t  man's knowledge of  t h e  M a r t i a n  
a tmosphe re  on a much f i r m e r  b a s i s  t h a n  a v a i l a b l e  h i t h e r t o ,  and 
have  r educed  t o  a c o n s i d e r a b l e  d e g r e e  t h e  p e r m i s s i b l e  l a t i t u d e  
i n  b r i d g i n g  between t h e  known v a l u e s  o f  s t r u c t u r a l  p a r a m e t e r s  
and e x t r a p o l a t i n g  f rom them. 
of p o s s i b l e  i n t e r p r e t a t i o n  (11) ( 1 2 )  ( 1 3 )  ( 1 4 )  ( 1 5 )  

S t i l l  t h e r e  e x i s t s  a wide r a n g e  

It can  be  s t a t e d  w i t h  c o n f i d e n c e ,  however,  t h a t  upon 
c o m p l e t i o n  of  advanced Mar t i an  m i s s i o n s  employing d i r e c t  
a t m o s p h e r i c  p r o b e s ,  which a r e  now under  c o n s i d e r a t i o n ,  knowledge 
of t h e  M a r t i a n  a tmosphere  w i l l  a d v a n c e t o  a s t a g e  n o t  d i ss imi la r  
t o  t h a t  p e r t a i n i n g  to t h e  t e r r e s t r i a l  a tmosphere  t o d a y .  

11. A SURVEY OF PRE-MARINER I V  ATMOSPHERIC DATA O N  MARS 

A s  i n d i c a t e d  i n  t h e  i n t r o d u c t i o n ,  a p l a n e t ' s  s u r f a c e  
t e m p e r a t u r e  i s  t h e  a tmosphe r i c  p a r a m e t e r  most e a s i l y  a c c e s s i b l e  
t o  d i r e c t  measurement .  T h i s  s t a t e m e n t  i s ,  however,  i n  need  
of  some q u a l i f i c a t i o n  i n  t h e  p r e s e n c e  o f  a s i z e a b l e  a tmosphere  
i n t e r a c t i n g  s t r o n @ y w i t h  s o l a r  r a d i a t i o n .  The s u r f a c e  whose 
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t e m p e r a t u r e  i s  p u r p o r t e d l y  measured becomes ill d e f i n e d  and 
i s  n o t  n e c e s s a r i l y  t h e  p l a n e t ' s  a c t u a l  s u r f a c e ,  b u t  may be 
a n  a t m o s p h e r i c  l a y e r  of a l t i t u d e  v a r y i n g  w i t h  wave leng th .  
Moreover,  t h e  t h i c k  a tmosphe r i c  l a y e r  b r i n g s  about  a b l a n k e t i n g  
e f f e c t  which may p ro found ly  a l t e r  t h e  thermal b a l a n c e  n e a r  t h e  
s u r f a c e .  T h i s  i s  w e l l  e x e m p l i f i e d  by t h e  Cy the rean  a tmosphe re ,  
where heavy c l o u d  l a y e r s  o b s t r u c t  d i r e c t  t r a n s m i s s i o n  of  s o l a r  
r a d i a t i o n  o v e r  broad  r e g i o n s  of t h e  spec t rum.  

F o r t u n a t e l y ,  from t h i s  p o i n t  o f  v iew,  Mars does  n o t  
p o s s e s s  a heavy a tmosphere ,  and i t  has been p o s s i b l e ,  t h e r e f o r e ,  
t o  d e t e r m i n e  M a r t i a n  s u r f a c e  t e m p e r a t u r e s  f rom ea r th  based 
o b s e r v a t i o n s  w i t h  s a t i s f a c t o r y  a c c u r a c y .  

I n  t h i s  c a s e  even t h e  s i m p l e s t  method based on t h e  
Stefan-Bol tzmann l a w  y i e l d s  a f a i r l y  r e l i a b l e  es t imate .  On 
t h e  a v e r a g e ,  t h e  s o l a r  r a d i a t i o n  ene rgy  abso rbed  by t h e  s u n l i t  
d i s k  ( o f  area r r  >, t h e  b u l k  of which i s  i n  t h e  v i s i b l e  and 3. 
n e a r  i n f r a r e d  p o r t i o n s  o f  t he  spec t rum,  e q u a l s  t h e  thermal  
r a d i a t i o n  emi t ted  by t h e  p l a n e t ' s  t o t a l  s u r f a c e  ( o f  a rea  
4rr >, 

2 

2 

i . e .  

or 

4 f (1 -a )  = 4 a T  

T = [ f ( l - a > / 4 u ]  1/4 

-2 -1 s e c  Here f ? 6 . 0  x lo5 e r g  ern 
a t  t h e  mean h e l i o c e n t r i c  d i s t a n c e  of Mars, u ? 5 . 7  x e r g  
em see-' OK- 

t h e  mean v i s u a l  a l b e d o  o f  Mars. I n s e r t i n g  t h e s e  v a l u e s  i n t o  
E q u a t i o n  ( 2 )  y i e l d s  

i s  t h e  s o l a r  ene rgy  f l u x  

i s  t h e  Stefan-Boltzmann'constant, a 0 . 1 5  i s  -2 

T % 220'K 

A s  w i l l  be  s e e n  below t h i s  v a l u e  i s  t o o  low by a b o u t  10%. The 
main s o u r c e s  of  e r r o r  i n  t h i s  s i m p l e  e s t i m a t e  s t em f rom t h e  
a p p l i c a t i o n  of t h e  Stefan-Boltzmann law, assuming t h e  M a r t i a n  
s u r f a c e  t o  behave as a b l a c k  body r a d i a t o r  ( i n  t h e  i n f r a r e d ) ,  
and f rom t h e  a v e r a g i n g  o f  t h e  M a r t i a n  a l b e d o ,  which d i s p l a y s  
s t r o n g  v a r i a t i o n s  w i t h  wavelength .  

I 
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Whereas i n  t h e  method j u s t  d e s c r i b e d ,  t h e  s u r f a c e  
t e m p e r a t u r e  i s  i n f e r r e d  from o p t i c a l  measureknent of t h e  a l b e d o  
v i a  some as sumpt ions  abou t  t h e  r a d i a t i v e  p r o p e r t i e s  of  Mars, 
i t  can  be  measured d i r e c t l y  u s i n g  v a r i o u s  methods o f  r a d i o m e t r y  
which a r e  based on P l a n c k ' s  l a w .  An e x t e n d e d  s e r i e s  o f  o b s e r v a -  
t i o n s  by  S i n t o n  and Strong (I1) (16) i n  t h e  i n f r a r e d  y i e l d e d  
q u i t e  d e t a i l e d  t e m p e r a t u r e  cu rves  w i t h  r e l a t i v e l y  h i g h  s p a t i a l  
r e s o l u t i o n  o f  t h e  s u r f a c e  ( $  1/15  o f  t h e  p l a n e t ' s  d i s k ) .  T h e  
o n l y  s i g n i f i c a n t  e r r o r  i n  t h e  r e d u c t i o n  of  r e s u l t s  i n  t h i s  t y p e  
o f  measurement l i e s  i n  t h e  assumpt ion  o f  u n i t  e m i s s i v i t y  for 
t h e  Mar t i an  s u r f a c e ,  which may c a u s e  an  u n d e r e s t i m a t e  of  t h e  
a c t u a l  t e m p e r a t u r e s  by  no more t h a n  5 % . *  

D i r e c t  r e s u l t s  of t h e  above o b s e r v a t i o n s  r e v e a l e d  a 
v a r i a t i o n  of  s u r f a c e  t e m p e r a t u r e  a t  t h e  M a r t i a n  e q u a t o r  f rom 
% 210°K a t  0700 a . m .  Mar t i an  l o c a l  t i m e  t o  % 2 9 5 O K  a t  noon. 
E x t r a p o l a t i o n  by means of t h e  e q u a t i o n  of  heat c o n d u c t i o n  
y i e l d e d  a minimum t e m p e r a t u r e  n e a r  Q 20O0K,and a c o r r e s p o n d i n g  
maximum of % 300OK. T h i s  would y i e l d  a rough a v e r a g e  tempera-  
t u r e  of % 250'K. 

S i n t o n  and S t r o n g ' s  o b s e r v a t i o n s  appear t o  b e  a 
r e l i a b l e  measurement o f  s u r f a c e  t e m p e r a t u r e ,  r e a l l y  no worse 
t h a n  most t e r r e s t r i a l  measurements.  Three  p o i n t s  a r e  n o t e -  
worthy w i t h  r e s p e c t  to t h e s e  r e s u l t s :  

( a )  The d a y t i m e  s u r f a c e  t e m p e r a t u r e s  o f  d a r k  areas a p p e a r  
to be abou t  % 8 O K  h i g h e r  t h a n  t h o s e  o f  l i g h t e r  areas .  

( b )  The l a r g e  ampl i tude  o f  t e m p e r a t u r e  v a r i a t i o n s  i n d i -  
c a k e s  v e r y  low t h e r m a l  i n e r t i a ,  ( k c p )  1'2 (where k i s  
t h e  t h e r m a l  c o n d u c t i v i t y ,  c t h e  s p e c i f i c  h e a t ,  and 
p t h e  mass d e n s i t y  of t h e  s u r f a c e ) .  T h i s  i n  t u r n  
s u g g e s t s  a l o o s e ,  d r y ,  g r a i n y  s t r u c t u r e  o f  s u r f a c e  
s o i l  (17) 

( e )  I n  ana logy  w i t h  d r y ,  sandy r e g i o n s  of t h e  e a r t h  i t  
t h a . t  the n e a r  si-irf ace t e m p e r a t u r e  i s  bel ipTfed.  (18) 

8 
S t r i c t l y  s p e a k i n g ,  t h e  p o s s e s s i o n  of a f i n i t e  a l b e d o  p r e c l u d e s  

c o n s i d e r a t i o n  of  a p l a n e t  a s  a b l a c k  body. S i n c e ,  however,  t h e  
b u l k  of' s o l a r  r a d i a t i o n  which i s  abso rbed  ( and  r e f l e c t e d )  i s  i n  a 
r e g i o n  o f  the spec t rum t h a t  does  n o t  o v e r l a p  t h e  s p e c t r a l  r a n g e  
o v e r  which t h e  t h e r m a l  r a d i a t i o n  i s  e m i t t e d ,  one might  s t i l l  
c o n s i d e r  t h e  p l a n e t  a s  a b l a c k  body e m i t t e r  o f  l o n g  wave r a d i a t i o n .  
If this  as sumpt ion  i s  dropped and an e m i s s i v i t y  E < 1 i s  a d o p t e d ,  
the obse rved  r a d i a t i o n  i n t e n s i t y  becomes E u T , s u c h  t h a t  f o r  
E 2 0 . 8 ,  T 2 E ' l 4 T b  % 1.05Tb w i t h  Tb t h e  b l a c k  body t e m p e r a t u r e  
c o r r e s p o n d i n g  t o  t h e  same r a d i a t i o n  i n t e n s i t y .  

4 
- 
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of Mars is % 50' lower than the values quoted. 
This is based on the empirical relation that the 
minimum near surface temperature is close to the 
surface minimum, while the amplitude of its 
variation is only a fraction, < 1/2, of the sur- 
face temperature variation. Consequently the 
atmospheric temperature near the ground is 
% 200OK. Table I shows this estimate to be well 
borne out by the Mariner IV results. 

Radiometric observations have also been carried out in 
the em wave region(lg), yielding % 210 t 2 O o K  f o r  the temperature 
of the subsurface, which has to be considered the main emitting 
region in this wavelength region. The above subsurface radio 
temperatures appear to be consistent with the measured surface 
temperatures. 

Measurements of the temperature near the surface 
and the identification of some chemical components, mentioned 
in the introduction, exhaust the store of firm empirical knowledge 
about the Martian atmosphere available prior to the Mariner IV 
flyby. Other statements on its structure leaned heavily on 
theoretical considerations. In the absence of empirical data 
to test their underlying assumptions, theoretical calculations . 
appear to have led in many instances to erroneous quantitative 
estimates on the structural parameters. Evidently the degree 
of error was in direct proportion to the range of phenomena 
these theories sought to describe. 

This is demonstrated by the results of a calculation 
on the location of tne Martian tropopause, which in a reasonably 
sirnL3Le manner led t o  a value of the former's a l t i t u d e  in 
fair agreement with that deduced from Mariner IV results. Under 
the assumptions of this theory (21) (22), the atmosphere consists 
of a lower layer in convective (adiabatic) equilibrium, the 
troposphere, and an upper isothermal layer, the stratosphere, 
in 1-adiative equilibrium with constant temperature T . In the 
troposphere the lapse rate of temperature is the constant adiabatic 
lapse rate at, where 

S 

dT 
dz C A  t 

P 

a CY( cm see-*) is the gravitational acceleration near the surface 
of the planet; C (erg"K-l) is the specific heat of the atmospheric 
gas. For Mars g ? 3.75 x 10 ern see , and for most gases of P 2 -2 

- 2 10 I e r g  OK-', so that interest (I< C02), C p  2' 
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"t = -3.7S0K/km ( 3 )  

L e t  h be t h e  a l t i t u d e  of  t h e  t r o p o p a u s e ;  t h e n  T s ,  t h e  s t r a t o s p h e r i c  
t e m p e r a t u r e ,  i s  g i v e n  by 

Ts = T O  - (4) 

w i t h  To t h e  t e m p e r a t u r e  a t  t h e  base o f  t h e  t r o p o s p h e r e  ( n e a r  
g r o u n d ) .  N e g l e c t i n g  d i r e c t  a b s o r p t i o n  o f  s o l a r  r a d i a t i o n  by  
a volume e lement  of  u n i t  area i n  t h e  s t r a t o s p h e r e ,  i t s  
r a d i a t i o n  b a l a n c e  i s  e x p r e s s e d  b y  t h e  f o l l o w i n g  e q u a t i o n :  

4 4 2oTs = u T O  (5) 

Both s u r f a c e s  of t h e  volume e lement  e m i t  r a d i a t i o n  a t  T 
w h i l e  o n l y  i t s  lower  s u r f a c e  a b s o r b s  r a d i a t i o n  a t  T O .  
Combining e q u a t i o n s  (4) and ( 5 )  one o b t a i n s  

S' 

( 6 )  
-1/4 h = ( 1 - 2  1 T o / a t  

With To 200°K,  t h i s  g i v e s  h % 8 . 5  km and T 2 168°K. While 

t h i s  v a l u e  o f  h a p p e a r s  q u i t e  r e a s o n a b l e ,  i t  canno t  be  d e t e r m i n e d  
f rom p r e s e n t  d a t a .  The t e m p e r a t u r e  of % 170°K i n  t h e  l o w e r  
s t r a t o s p h e r e  a p p e a r s  t o  be i n  t h e  r i g h t  o r d e r  ( w i t h i n  % 15%), 
as i s  bo rne  o u t  by more s o p h i s t i c a t e d  c a l c u l a t i o n s  based on 
t h e  s i m u l t a n e o u s  numer i ca l  s o l u t i o n  of  t h e  e q u a t i o n  o f  radia- 
t i v e  t r a n s f e r  and t h e  e q u a t i o n  of  h y d r o s t a t i c  e q u i l i b r i u m  
Though s o l u t i o n  of t hese  e q u a t i o n s  r e q u i r e s  c e r t a i n  a s s u m p t i o n s  
a b o u t  t h e  chemica l  compos i t ion  of  t h e  a tmosphere  (as  t h i s  d e t e r m i n e s  
t h e  i n t e r a c t i o n  w i t h  s o l a r  r a d i a t i o n ) ,  t h e  r e s u l t s  on t h e  t e m p e r a t u r e  
s t r u c t u r e  i n  t h e  lower  a tmosphere  a re  n o t  o v e r l y  s e n s i t i v e  t o  t h e  
i n i t i a l  a s s u m p t i o n s .  T h i s  i s  n o t  t h e  c a s e ,  however,  w i t h  r e s p e c t  
t o  h i g h e r  a l t i t u d e s  (above % 50km), where r a d i a t i v e  e q u i l i b r i u m  
i s  i n h i b i t e d  by t h e  low cOl1iSioiZ f i iequency,  and where c ~ m p o s i t i s n  
p l a y s  a d e c i s i v e  r o l e .  T h i s  i s  e v i d e n t  f rom t h e  r e s u l t s  of  
r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s  on M a r t i a n  model a tmosphe res  q u o t e d ,  
y i e l d i n g  l i m i t i n g  t e m p e r a t u r e s  f o r  t h e  c r i t i c a l  l e v e l ,  t h e  base 
of  t h e  c o l l i s i o n l e s s  exosphe re ,  v a r y i n g  between 500" and 350O0K . 
Even a f t e r  Mar iner  I V  t h i s  i s  s t i l l  a h i g h l y  c o n t r o v e r s i a l  

S 

( 7 )  (9) (10) 

(9) 

Another  a r e a  of  g r e a t  u n c e r t a i n t y  up t o  t h e  Mar ine r  I V  
f l y b y  was t h e  problem of p r e s s u r e .  Though o b s e r v a t i o n a l  as t ronomy 
p r o v i d e s  a number of methods f o r  p r o b i n g  t h e  p r e s s u r e  of  p l a n e t a r y  
a t m o s p h e r e s ,  i n t e r p r e t a t i o n  o f  o b s e r v a t i o n a l  r e s u l t s  depends  
h e a v i l y  on a s sumpt ions  abou t  t h e  a tmosphe re  and has, t h e r e f o r e ,  
l e d  t o  w i d e l y  d i v e r g i n g  r e s u l t s .  
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The simplest methods are polarization studies and 
photometry. In the former the polarization of light reflected 
f r o m  the planet is measured at different zenith angles (see 
Figure 1). This enables separation of the respective contri- 
butions of the atmosphere and the surface. The contribution to 
light intensity from the atmosphere can then be converted into 
pressure. The sources of uncertainty in this method are 
assumptions about the scattering process in the atmosphere, and 
the composition, which determines the polarizability of the 
medium. A significant proportion of aerosols or microscopic 
particles in the atmosphere would contribute non-Raleigh 
scattering. The effect of the uncertain assumptions can be 
sensed from the wide range of surface pressures which may be 
deduced from polarization measurements, 30-200 mb(5). 
problems are encountered in photometric determinations of 
pressure, where the respective contributions of surface and 
atmosphere to the light intensity are separated by studying the 
spatial and diurnal variation in brightness. Again the relative 
contribution of particles of different size has to be determined 
before the empirical data can be interpreted. The range of 
pressures derived f rom this method varies, therefore, between 
60-110 mb. 

Similar 

The most accuraqe method of pressure determination 
is the spectroscopic method, to be discussed now in more detail ( 2 3 )  ( 2 4 )  
As the spectrum of light from a planet is scanned, absorption 
lines appear, and it is possible to measure the so-called 
equivalent width of these lines - which is the width (in angstrom 
or frequency units) of a completely black line that would subtract 
from the continuum the same amount of energy as does the real 
line. To permit evaluation of the dependence of this empirical 
quantity on the relevant parameters the equivalent width of a 
line is defined as 

I 

-KvU 
W = A v  s (1-e ) dv ( 7 )  

K is the appropriate absorption coefficient at a frequency v; 

it is expressed in units according to the measure of the amount 
of absorbing material u in the optical path. E.g. if u is 
expressed in gm em , the dimensions of K v  are gm ern . What- 
ever tne drimensions of u, evidently 

V 

-2 -1 2 

the number of absorbing molecules in the path of observation, 
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One may express Ku as a product 

K = S f(u) v 

where S is the so-called line intensity, and f(v) the form 
factor, which is normalized such that 

J-: f(v)du = 1 

A l s o  S = d ,  where 6 is the effective number o f  electrons pel- 
molecule with natural frequency u, the so-called oscillator 
strength. 

O f  wide use in astronomical applications is the 
assumption that f(v) is the Lorentz shape factor 

(9) 

with v o  the center o f  the line and a the damping factor, which 
depends on the characteristic time o f  damping of the incident 
wave. If this is effected by collisions, then 

Given f(v) one may evaluate the integral Equation (7). 
f ( v )  as in Equation (10) this can be done quite conveniently 
in the limit S u / a  +. 0 (the weak line approximation). 
obtains upon substitution x = ( u  - v,-,)/a, and 5 = Su/a 

For 

One 

or 

W = Su = A N  
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F o r  t h e  s o - c a l l e d  s t r o n g  l i n e  o r  s q u a r e  r o o t  a p p r o x i m a t i o n ,  
f o r  Su/a + 03, a somewhat more c o m p l i c a t e d  i n t e g r a t i o n  c a n  
be shown ( 2 3 )  t o  l ead  to 

where A i s  a c o n s t a n t  and B depends on T .  Thus,  by 
measu r ing  t h e  l i n e  wid th  of  b o t h  a weak and a s t r o n g  l i n e  
one may, i n  p r i n c i p l e ,  d e t e r m i n e  b o t h  t h e  t o t a l  abundance 
o f  t h e  a b s o r b i n g  g a s  i n  a p l a n e t a r y  a tmosphe re ,  and i t s  
t o t a l  s u r f a c e  p r e s s u r e  assuming some a t m o s p h e r i c  p r o f i l e .  
U n f o r t u n a t e l y ,  h i d d e n  s o u r c e s  o f  e r r o r  l i m i t  t h e  v a l i d i t y  
o f  r e s u l t s  d e r i v e d  f rom t h i s  method: 1) o v e r l a p  of a number 
of l i n e s ,  2 )  o v e r l a p  w i t h  s o l a r  F r a u n h o f e r  l i n e s ,  3 )  o v e r l a p  
of  M a r t i a n  and t e r r e s t r i a l  a b s o r p t i o n  l i n e s ,  4 )  u n c e r t a i n t i e s  
i n  t h e  t e m p e r a t u r e  of  t h e  a b s o r b i n g  g a s ,  5 )  u n c e r t a i n t i e s  i n  
t h e  l i n e  s h a p e ,  d e t e r m i n i n g  t h e  r e l a t i o n  between p r e s s u r e  and 
l i n e  b r o a d e n i n g ,  6 )  u n c e r t a i n t y  i n  c o m p o s i t i o n ,  which a f f e c t s  
l i n e  b r o a d e n i n g  by c o l l i s i o n  o f  p a r t i c l e s  of  d i f f e r e n t  s p e c i e s .  
Some check on these  e r r o r s  can  be o b t a i n e d  f rom e x p e r i m e n t a l  
c u r v e s  of  growth ,  y i e l d i n g  t h e  dependence of  l i n e  wid th  on 
t h e  d e p t h  of a b s o r b e r ,  b u t  what a p p e a r s  t o  be amenable t o  
r e l a t i v e l y  p r e c i s e  d e t e r m i n a t i o n  a re  l i m i t i n g  p r e s s u r e s  and 
abundances .  

When t h i s  method was a p p l i e d  t o  t h e  M a r t i a n  tmosphere  
b y  u t i l i z i n g  t h e  weak a b s o r p t i o n  bands  of  C 0 2  a t  8700 !2 , 
t o g e t h e r  w i t h  t h e  s t r o n g ,  p r e s s u r e  dependent  bands a t  1.57 and 1 . 6  
1-1, t h e  r e s u l t i n g  minimum p r e s s u r e s  v a r i e d  between 4 . 2  ( 2 5 )  and 

6 . 4  mb ( 2 5 ) ,  on t h e  a s sumpt ion  t h a t  t h e  M a r t i a n  a tmosphere  i s  
p u r e  C 0 2 .  Though these  v a l u e s  a re  c l o s e  t o  t h o s e  deduced from 
t h e  Mar ine r  I V  f l y b y ,  t h e y  were n o t  s e r i o u s l y  c o n s i d e r e d  p r i o r  
t o  t h i s  m i s s i o n ,  b u t  o n l y  r e g a r d e d  as q u i t e  r emote ly  p o s s i b l e  
l o w e r  l i m i t s .  

I n  summarizing t h e  s t a t e  o f  knowledge b e f o r e  mid-1966 
i t  can  be  s t a t e d  t h a t  t h e  on ly  a t m o s p h e r i c  parameter known w i t h  
a h i g h  d e g r e e  of c o n f i d e n c e ,  s a y  20%,was  t h e  s u r f a c e  t e m p e r a t u r e .  
The l o w e s t  p o r t i o n  o f  t h e  t e m p e r a t u r e  p r o f i l e  was p r o b a b l y  
e s t i m a t e d  c o r r e c t l y .  E s t i m a t e s  o f  s u r f a c e  p r e s s u r e  v a r i e d  b y  
a l m o s t  2 o r d e r s  of  magni tude ( f rom $4  t o  $200 m b ) ,  and no 
r e l i a b l e  s t a t e m e n t  c o u l d  be made on t h e  p r o f i l e  o f  t e m p e r a t u r e ,  
d e n s i t y ,  p r e s s u r e  and compos i t ion .  
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111. THE MARINER I V  RESULTS AND THEIR INTERPRETATION 

A s i g n i f i c a n t  advance i n  t h e  s t a t e  o f  knowledge a b o u t  
t h e  M a r t i a n  a tmosphere  came with t h e  p u b l i c a t i o n  o f  t h e  r e s u l t s  
of t h e  Mar ine r  I V  o c c u l t a t i o n  e ~ p e r i m e n t ' ~ ) .  
c o n t r o v e r s y  s t i l l  p e r s i s t s  on t h e  i n t e r p r e t a t i o n  o f  t h e  data  
w i t h  r e s p e c t  t o  t he  s t r u c t u r e  o f  t h e  uppe r  a tmosphe re ,  a number 
of i m p o r t a n t  q u e s t i o n s  appears now t o  be s e t t l e d ,  s u c h  as t h e  
o r d e r  of  magni tude  o f  t h e  s u r f a c e  p r e s s u r e  and t h e  peak  e l e c t r o n  
d e n s i t y  i n  t h e  i o n o s p h e r e ,  t h e  s u r f a c e  t e m p e r a t u r e ,  and t h e  
b a s i c  chemica l  compos i t ion  of t h e  a tmosphe re .  Consequen t ly  
t h e  r a n g e  o f  a s s u m p t i o n s  f o r  t h e o r e t i c a l  s t u d i e s  has been  
c o n s i d e r a b l y  narrowed down, and aims f o r  f u r t h e r  e x p e r i m e n t a l  
p r o b i n g  of t h e  a tmosphe re  can  now be much b e t t e r  d e f i n e d .  

r e f r a c t i o n  of  r a d i a t i o n  by t h e  a tmosphere  and  i o n o s p h e r e  (26 ( 2 7 )  (28). 
1) t h e  r a d i o  p r o p a g a t i o n  v e l o c i t y  c e a s e s  t o  be t h e  f r e e  s p a c e  
v e l o c i t y  c ;  2 )  t h e  r ad ia l  g r a d i e n t  i n  a t m o s p h e r i c  d e n s i t y ,  and 
hence  i n  t h e  r e f r a c t i v i t y ,  bends t h e  p a t h  and p r o d u c e s  a n  
a p p a r e n t  change i n  s i g n a l  t r a n s m i t t e r  v e l o c i t y ;  3 )  t h e  r e f r a c t i v e  
d e f o c u s i n g  c a u s e s  a change i n  s i g n a l  s t r e n g t h  r e c e i v e d  a t  ear th .  
T h e r e  a r e  a d d i t i o n a l  e f f e c t s ,  b u t  t hese  w i l l  n o t  be  d i s c u s s e d  
h e r e  s i n c e  t h e y  were n o t  u t i l i z e d  i n  t h e  o c c u l t a t i o n  e x p e r i m e n t . '  
The above e f f e c t s  produce  c o n v e n i e n t l y  measu rab le  q u a n t i t i e s :  
1) and 2 )  change t h e  e f f e c t i v e  p a t h  l e n g t h  f o r  t r a n s m i s s i o n  
f rom t h e  f l y b y  v e h i c l e  and cause  a r e s i d u a l  d e l a y  i n  r e c e p t i o n  
of  t h e  s i g n a l  a t  t h e  e a r t h ,  compared t o  t h a t  e x p e c t e d  i n  absence  
of a n  a tmosphe re ,  T h i s  t ime  d e l a y  may be  e x p r e s s e d  i n  terms o f  
a phase s h i f t  A 4  c y c l e s .  The change i n  s i g n a l  v e l o c i t y  p roduces  
a r e s i d u a l  Doppler  s h i f t ,  A f  c y c l e s / s e c ,  compared t o  t h a t  caused  
by t h e  v e h i c l e ' s  mot ion  I n  f ree  s p a c e .  The change i n  a t t e n u a t i o n  
can  b e  measured d i r e c t l y  i n  terms o f  AA d b .  

Though a n  a c t i v e  

The p h y s i c a l  basis o f  t h e  o c c u l t a t i o n  expe r imen t  i s  t h e  

( 3 )  

Upon c e r t a i n  p l a u s i b l e  a s s u m p t i o n s ,  such as an  
e x p o n e n t i a l ,  s p h e r i c a l l y  symmetr ic  a tmosphe re ,  t h e s e  measured 
quantities ai-e simply T e l a t e d  t c  ataospheric parameters, F o r  
s i g n a l  p r o p a g a t i o n  p a t h s  j u s t  g r a z i n g  t h e  s u r f a c e  of  t h e  p l a n e t  

( 2 7 )  one o b t a i n s  

c y c l e s  (14) 
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Here X i s  t h e  r a d a r  wavelength  employed, us i s  t h e  i n d e x  of  
a t m o s p h e r i c  r e f r a c t i o n  a t  t h e  s u r f a c e ,  Rp cm i s  t h e  p l a n e t ' s  
r a d i u s ,  H cm t h e  a t m o s p h e r i c  s c a l e  h e i g h t ,  and vs cm/sec t h e  
s p a c e c r a f t ' s  v e l o c i t y  a t  f l y b y .  p s  i s  s imply  r e l a t e d  t o  t h e  
a t m o s p h e r i c  s u r f a c e  d e n s i t y ,  and depends  on compos i t ion .  
Analogous r e l a t i o n s  can  be o b t a i n e d  f o r  t h e  dependence o f  
A $ ,  A f  , AA on i o n o s p h e r i c  p a r a m e t e r s  

t h e  Mar ine r  I V  expe r imen t  were 

( 2 9 )  

The maximum v a l u e s  of  A $ ,  A f ,  and AA r e p o r t e d  from 

= 29  + 2 C Y  A +rn - 

= 1 . 5  - 2.0 db 

F i g u r e  2 f r o d 3 )  r e l a t e s  t h e s e  v a l u e s  t o  s u r f a c e  r e f r a c t i v i t y ,  
Ns = ( p s  - 1) x 1 0 ,  and s c a l e  he igh t  of a n  e x p o n e n t i a l  a tmosphe re  
and i n d i c a t e s  t h e  p o s s i b l e  r ange  of  these  v a l u e s .  F i g u r e  3,  a l s -o  
f r o m ( 3 ) ,  shows t h e  dependence o f  r e f r a c t i v i t y  on d e n s i t y  and 
c o m p o s i t i o n .  From t h e s e  r e s u l t s  and a n a l o g o u s  da ta  on t h e  
i o n o s p h e r e  T a b l e  I i n  t h e  i n t r o d u c t i o n  was compi led .  
p r e s e n t s  t hese  r e s u l t s  i n  g r a p h i c a l  form as a f u n c t i o n  o f  
a l t i t u d e .  

6 

F i g u r e  4 

It s h o u l d  be n o t e d  t h a t  t h e  v a l u e s  i n  T a b l e  I were 
d e r i v e d  from t h e  data  a t  immerson. D i f f r a c t i o n  e f f e c t s  i n d i c a t e  
t h a t  t h i s  t o o k  p l a c e  o v e r  an e l e v a t e d  f e a t u r e  o f  Mars, s u g g e s t i n g  
t h a t  p r e s s u r e  and d e n s i t y  may n o t  r e f e r  t o  M a r t i a n  "sea l e v e l " .  
E l e v a t i o n  i n t r o d u c e s  a change of  1 % / 9 0 m  i n  t h e s e  p a r a m e t e r s  and 
t h e  u n c e r t a i n t y  i s  r e f l e c t e d  i n  F i g u r e  4 .  

To o b t a i n  a complete  model of  t h e  Pilartian a tmosphe re  
one has now t o  b r i d g e  o v e r  t h e  l a r g e  gaps  between tne "known" 
p o r t i o n s  of F i g u r e  4 ,  which i n c l u d e :  1) p r e s s u r e ,  d e n s i t y  and 
t e m p e r a t u r e  a t  t h e  s u r f a c e  and n e a r  i t ,  2 )  a n  e x p o n e n t i a l  
e l e c t r o n  d e n s i t y  p r o f i l e  above a peak  n e a r  % 120 km w i t h  a s c a l e  
h e i g h t  of  % 2 5  km, 3) a s t e e p e r  d e n s i t y  g r a d i e n t  below t h i s  peak 
and pcssibly a secondary  peak a t  1 0 0  km, and 4) n i g h t t i m e  e l e c t r o n  
density <lo3 e l .  cm '. 
ground of e m p i r i c a l  da ta  and e n t e r  t h e  realm of  p l a u s i b l e  con- 
j e c t u r e .  S i n c e  a t  h i g h  a l t i t u d e s  ( %  1 0 0  km) t h e  d e n s i t y  and 
t e m p e r a t u r e  p r o f i l e s  of t h e  n e u t r a l  a tmosphere  a re  n o t  known, one 
a t t e m p t s  t o  r e l a t e  them t o  t h e  known e l e c t r o n  p r o f i l e  by  c o n s i d e r -  
in;; i c n o s p h e r i c  p r o c e s s e s ,  i n  ana logy  w i t h  phenomena i n  t h e  
t e r r e s t r i a l  a tmosphe re .  

- 
To do s o ,  one has a g a i n  t o  l e a v e  t h e  f i r m  
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The i o n o s p h e r e  i s  formed by t h e  i n t e r p l a y  o f  photo-  
i o n i z a t i o n  of  a t m o s p h e r i c  molecu le s  and t h e i r  r e c o m b i n a t i o n  
w i t h  t h e  f r ee  e l e c t r o n s  formed,  ma in ly  i n  t h r e e  body c o l l i s i o n  
p r o c e s s e s .  S c h e m a t i c a l l y  these  p r o c e s s e s  a re  d e s c r i b e d  by 

A + hu -+ At + e ( 1 7 )  

A + +  e + B - + A + B  or 

A+ t BC -f AB+ + c AB+ + e -f A t B (18) 

Here A ,  B ,  C d e n o t e  gas m o l e c u l e s ,  e d e n o t e s  a n  e l e c t r o n ,  
and h v  a pho ton .  D i r e c t  r e c o m b i n a t i o n ,  A + e + A ,  i s  n o t  
e f f e c t i v e  because  of t h e  s t r i n g e n t  c o n d i t i o n s  on t h e  energy  
of  t h e  n e u t r a l  m o l e c u l e s ,  which i s  r e s t r i c t e d  to d i s c r e t e  
s t a t e s .  On t o p  o f  t hese  c o l l i s i o n  p r o c e s s e s  d i f f u s i o n  may 
a f f e c t  t h e  s t r u c t u r e  of  t h e  i o n o s p h e r e .  

+ 

The two p r i n c i p a l  s t ab le  l a y e r s  i n  t h e  t e r r e s t r i a l  
i o n o s p h e r e  a re  t h e  E and F r e g i o n s .  The f o r m e r  e x t e n d s  f rom 
% 85 t o  % 1 5 0  km a l t i t u d e ,  i n  t h e  r a n g e  where N2, 02, and 0 

a r e  t h e  ma jo r  a t m o s p h e r i c  c o n s t i t u e n t s ;  t h e  p r i n c i p a l  i o n i z i n g  
a g e n t s  a re  t h o u g h t t o  be soft s o l a r  X- rays  ( %  1 0  - 2 0 0  8 )  and 
some W i n  t h e  r e g i o n s  between % 800 - 1 0 2 7  8 .  The E r e g i o n  
d i s p l a y s  s t r o n g  d i u r n a l  v a r i a t i o n ,  i t s  e l e c t r o n  d e n s i t y  a t  
% 1 5 0  k m  v a r y i n g  from % lo5 cm-3 to % l o 3  cm-3 from day to n i g h t .  

(29) , which It c a n  be  shown on t h e  bas i s  of  s i m p l e  l a y e r  t h e o r y  
may b e  a p p l i e d  to t h e  E l a y e r ,  t h a t  i t s  peak  o c c u r s  a t  u n i t  
o p t i c a l  d e p t h ,  i . e . ,  where 

anH s e e  x = 1 (19) 

Here n cm-3 d e n o t e s  t h e  number d e n s i t y  of  n e u t r a l  m o l e c u l e s ,  
H cm t h e i r  s c a l e  h e i g h t ,  x r a d i a n s  t h e  z e n i t h  a n g l e  o f  s o l a r  
r a d i a t i o n ,  and 0 em2 i s  t h e  p h o t o i o n i z a t i o n  c r o s s  s e c t i o n .  

T h i s  s i m p l e  t h e o r y  c a n n o t  b e  a p p l i e d  to t h e  more 
complex F l a y e r ,  where plasma d i f f u s i o n  p l a y s  a n  i m p o r t a n t  r o l e .  
I n  t h e  t e r r e s t r i a l  a tmosphere  t h e  F l a y e r  d i s p l a y s  two d i s t i n c t  
p e a k s  i n  e l e c t r o n  d e n s i t y  i n  t h e  d a y t i m e .  The lower  F peak  n e a r  
% 1 8 0  km o c c u r s  i n  t h e  r e g i o n  o f  maximum e l e c t r o n  p r o d d c t i o n ,  w i t h  

a c h a r a c t e r i s t i c  e l e c t r o n  d e n s i t y  o f  % 3 x lo5 cm-3 a t  noon and 
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4 
% 1 0  cm-3 a f t e r  s u n s e t .  The h i g h e r  F2 peak  n e a r  % 350 km 

e v o l v e s  as a r e s u l t  o f  t h e  low d e n s i t y  o f  n e u t r a l  p a r t i c l e s  a t  
h i g h  a l t i t u d e s  which i n h i b i t s  r e c o m b i n a t i o n .  The d i u r n a l  
v a r i a t i o n  from % lo6 t o  2 . 5  x l o 5  i s  l e s s  pronounced t h a n  t h a t  
of e i t h e r  t h e  F1 and E l ayer .  
consequence  of  s low recombina t ion  and d i f f u s i o n .  Above t h e  
F peak  d i f f u s i o n  p r o c e s s e s  become dominant and t h e r e f o r e  t h i s  
mgximum w i l l  r o u g h l y  be l o c a t e d  where t h e  time s c a l e  f o r  
d i f f u s i o n  and loss by r e c o m b i n a t i o n  become e q u a l ,  i . e .  

The r e d u c e d  v a r i a t i o n  i s  a 

2 f3 = D/H 

Here f3 see-’ i s  t h e  l o s s  c o e f f i c i e n t  f o r  i o n s  i n  t h e  F2 r e g i o n ;  
H /D see-’ i s  t h e  d i f f u s i o n  t i m e ,  w i t h  D cm 
c o e f f i c i e n t .  
i s  r o u g h l y  e x p o n e n t i a l ,  t y p i c a l  o f  d i f f u s i v e  e q u i l i b r i u m .  

2 2 s e c - l  t h e  d i f f u s i o n  
Above i t s  peak  t h e  d e n s i t y  p r o f i l e  of  t h e  F2 l a y e r  

It  i s  e v i d e n t  t h a t  t h e  f o r m a t i o n  of t h e  i o n o s p h e r e  
i s  s t r o n g l y  a f f e c t e d  by t h e  chemica l  c o m p o s i t i o n  o f  t h e  n e u t r a l  
a tmosphe re ,  s i n c e  i o n i z a t i o n  t h r e s h o l d s  and c r o s s  s e c t i o n s  
v a r y  f rom s p e c i e s  t o  s p e c i e s ,  and t h e  e f f e c t i v e  r e c o m b i n a t i o n  
of  i o n s  depends on t h e  ambient  n e u t r a l  d e n s i t y .  

From t h e  b r i e f  d e s c r i p t i o n  of t h e  t e r r e s t r i a l  i o n o s p h e r e  
it appears q u i t e  n a t u r a l  t h a t  some of  t h e  i n v e s t i g a t o r s  assumed 
t h e  o b s e r v e d  peak i n  t h e  M a r t i a n  a tmosphere  t o  b e  an  F2  t y p e  

peak 
f l u x  w i l l  be a t t e n u a t e d  by i o n i z i n g  and d i s s o c i a t i n g  t h e  ambient  
neu t r . a l  m o l e c u l e s  and a t o m s .  The b i g  q u e s t i o n  a t  t h i s  p o i n t  i s  
which s p e c i e s  of n e u t r a l  p a r t i c l e s  w i l l  be  predominant  a t  small  
o p t i c a l  d e p t h s .  S i n c e  C02 i s  l i k e l y  t o  be  t h e  major  c o n s t i t u e n t  
of t h e  M a r t i a n  a tmosphe re ,  w i t h  p o s s i b l e  admix tu re  of  N2 and A ,  
and t h e  d i s s o c i a t i o n  t h r e s h o l d  of  C 0 2  i s  % 1690 8 ,  t h e  f o l l o w i n g  
c o n s t i t u e n t s  may o c c u r  a t  h i g h  a l t i t u d e s :  
I n  view of i t s  smal le r  m o l e c u l a r  weight t h e r e  must be  a l e v e l  
above which a tomic  oxygen p redomina te s  because  of d i f f u s i v e  
s e p a r a t i o n ,  l i k e  i n  t h e  t e r r e s t r i a l  a tmosphere  above t h e  
t u r b o p a u s e  a t  % 1 0 0  km. I f ,  as i s  p l a u s i b l e ,  a tomic  oxygen 
i s  predominant  i n  t h e  r e g i o n  o f  t h e  F 2  p e a k ,  one can  p r o c e e d  
i n  a s t r a i g h t f o r w a r d  manner t o  c o n s t r u c t  a d e n s i t y  p r o f i l e  o f  
t h e  n e u t r a l  a tmosphere  a t  h igh  a l t i t u d e s  f rom knowledge o f  t h e  
e l e c t r o n  p r o f i l e  t h e r e .  

( I 3 ) .  A s  i t  impinges on t h e  a tmosphe re ,  t h e  s o l a r  W 

N2, A ,  C 0 2 ,  C O ,  0 2 ,  0 .  
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Evidently for the better part of the day the presumed 
F layer is in a state of quasi-equilibrium; i.e., the change of 
electron (or ion) density per unit time is negligible compared 
to the change per unit time brought about by either production 
in photoionization or loss through recombination. This 
approximate balance is expressed as 

where aAcm2 is the ionization cross section of oxygen at 
wave length A ,  IA photons cmm2 see-’ is the solar flux at A ,  
and the summation extends over the spectral region effective in 
ionization ( A < 9 1 0 8 ) ;  n(0) and n(O+) are the respective number 
densities of neutral and ionized oxygen. The accepted value 
f o r  C A  0 IA is % see. The l o s s  coefficient B depends 
on the loss mechanism removing oxygen ions. In view of the 
likely composition of the Martian atmosphere the most plausible 
reaction appears to be the rearrangement 

A 

+ 0 + co2 -+ 0; + co 

1 %  3 + with a reaction coefficient k 
recombines in the dissociative recombination 

% lo-’ ern /see. O2 readily 

(23) 
+ O2 + e + 0 + 0 

In view of Equations (22)and (20) 

2 B = k’ n(C02) = D/H 

From kinetic theory it is found that 

D = bT1l2/n(O) % 1017T1/2/n(0) 

assuming atomic oxygen to be the predominant constitutent. 
The system of Equations (20) to (24) yields then for the 
atomic oxygen number density at the atmospheric peak 
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Assuming oxygen t o  be t h e  predominant  i o n  i n  t h e  r e g i o n ,  n ( 0  + ) 
i s  e q u a l  t o  t h e  o b s e r v e d  e l e c t r o n  d e n s i t y  t h e r e .  The n e u t r a l  
s c a l e  h e i g h t ,  H,  i s  h a l f  t h e  o b s e r v e d  plasma s c a l e  h e i g h t ,  and 
knowledge o f  t h i s  parameter p e r m i t s  e v a l u a t i o n  o f  t h e  

t e m p e r a t u r e ,  T ,  i n  t h i s  r e g i o n ,  
F j e l d b o  e t  a1 assume, t h e  r e g i o n  above t h e  peak i s  i s o t h e r m a l  

I f ,  as Johnson  (13) and 

With mo % 2.68 a 
H ? 12 km, one o b t a i n s  T 2 8 5 O  K .  E q u a t i o n  (26) y i e l d s  t h e n  
n ( 0 )  ? l o 9  cm-3 a t  t h e  i o n o s p h e r i c  peak a t  120 km. 

gm, t h e  mass o f  t h e  oxygen atom,and 

The number d e n s i t y  of C02 i s  t h e n  o b t a i n e d  from 
E q u a t i o n s  (24) (25) and (26) and i s  g i v e n  by  

From t h e  v a l u e s  o f  t h e  v a r i o u s  f a c t o r s  on t h e  r i g h t  s i d e  of  
E q u a t i o n  (28) t h e  d e n s i t y  o f  C02 a t  120 km t u r n s  o u t  t o  be  

v a n i s h e s ,  t h e  above e q u a t i o n s  p r o v i d e  a d e n s i t y  p r o f i l e  of  
C02 and 0 ,  u n d e r  t h e  assumpt ion  t h a t  CO 
e q u i l i b r i u m ,  i . e . ,  

% 1 0  6 cm -3 . Down t o  a n  a l t i t u d e  where t h e  i o n  d e n s i t y  n ( 0  + ) 
i s  i n  d i f f u s i v e  2 

which r e q u i r e s  knowledge o f  t h e  t e m p e r a t u r e  p r o f i l e  f o r  t h e  
e v a l u a t i o n  of H(z), t h e  carbon d i o x i d e  s c a l e  h e i g h t .  Assuming 
t h e  v a l u e  of % 1 0  f o r  t h i s  component ' s  d e n s i t y  a t  1 2 0  km 6 



I 

BELLCOMM, I N C .  - 17 - 

o b t a i n e d  above t o  be  c o r r e c t ,  t h e  d e c r e a s e  o f  d e n s i t y  by T, 11 

l i m i t s  t h e  a v e r a g e  t e m p e r a t u r e  between t h e  two l e v e l s  t o  low 
v a l u e s .  

o r d e r s  of magni tude  from t h e  s u r f a c e  d e n s i t y  of Q, 2 x 1 0  1 7  cm-3 

Approximate ly ,  

1011 exp (120/E) 2 exp ( 2 . 4 3  x 103/!F) 

o r  

- 
T 95' K 

where t h e  bars d e n o t e  ave raged  q u a n t i t i e s .  

The vapor  p r e s s u r e  c u r v e  f o r  CO on t h e  o t h e r  hand,  2 '  
p r o v i d e s  a lower  l i m i t  a t  all a l t i t u d e s ;  o t h e r w i s e  a n  
a p p r e c i a b l e  f r a c t i o n  of  t h e  C 0 2  would condense and form d r y  
i c e .  I n  t h i s  manner t h e  obse rved  a t m o s p h e r i c  p r o f i l e  below 
30  km i s  connec ted  w i t h  t h e  c a l c u l a t e d  p r o f i l e  above 70 km. 

The r e s u l t s  of  such  a c a l c u l a t i o n  by F j e l d b o  e t  a1  ('')are pre-  
s e n t e d  i n  F i g u r e s  5 and 6 .  
s imi la r .  

J o h n s o n ' s  r e s u l t s  ( ' 3 )  are  v e r y  

The  s a l i e n t  f e a t u r e s  of  t h i s  a tmosphere  a re :  1) t h e  
v e r y  low t e m p e r a t u r e  th roughou t  t h e  a tmosphe re ,  and 2 )  t h e  low 
number d e n s i t i e s ,  which l i e  a t  a l l  a l t i t u d e s  w e l l  below t h e  
d e n s i t i e s  i n  t h e  e a r t h ' s  atmosphere, e . g . ,  n ( 1 2 0 )  2 1 0  9 , 
compared t o  'L 5 x a t  t h i s  a l t i t u d e  above t h e  e a r t h .  

Though a t t r a c t i v e  i n  i t s  s i m p l i c i t y ,  t h i s  model i s  
s u b j e c t  to s e r i o u s  o b j e c t l o n s ,  l e a d i n g  t o  a r a d i c a l l y  d i f f e r e n t  
i n t e r p r e t a t i o n  of t h e  Mar iner  I V  d a t a ( 5 ) :  1) t h e  c o n d i t i o n s  
on T Zppear  tnn s t . r i ngen t ,  and i t s  vali-re t o o  low,  i n  c o n t r a s t  
to t h e  r e s u l t s  of r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s ( l O ) .  These 
show t h e  midd le  a tmosphere  (up  t o  % 60  km) t o  be  i n  r a d i a t i v e  
e q u i l i b r i u m  a t  t e m p e r a t u r e s  s u b s t a n t i a l l y  above t h e  d r y  i c e  
v a l u e s ,  2 )  i so the rmy  i n  t h e  i o n o s p h e r e  c a n p a t  be m a i n t a i n e d  
by t h e  r a d i a t i v e  l o s s e s  of C 0 2 ;  t e m p e r a t u r e  g r a d i e n t s  w i l l  b u i l d  
up ,  and a the rmosphere  w i t h  p o s i t i v e  t e m p e r a t u r e  g r a d i e n t s  w i l l  
be  formed,  and 3 )  t h e  pho tochemica l  b a l a n c e  o f  t h e  uppe r  
a tmosphe re  i s  n o t  cons ide rEd  i n  s u f f i c i e n t  d e p t h .  
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The l a t t e r  argument l e d  Chamber la in  and McElroy t o  
t h e  c o n c l u s i o n  t h a t  t h e  a tmosphere  i s  n o t  i n  d i f f u s i v e  e q u i l i b r i u m  
above % 70 km, b u t  i n  a s t a t e  of mix ing  up t o  h i g h  a l t i t u d e s .  
Under these  as sumpt ions  a ve ry  d i f f e r e n t  a tmosphe r i c  model c a n  
b e  c o n s t r u c t e d ,  a s  shown i n  t h e  dashed  c u r v e s  i n  F i g u r e s  5 and 6 .  
T h i s  model i s  c h a r a c t e r i z e d  by s u b s t a n t i a l l y  h i g h e r  t e m p e r a t u r e s  
i n  t h e  u p p e r  a tmosphe re ,  and by number d e n s i t i e s  which above 7 0  km 

exceed  t h e  t e r r e s t r i a l  v a l u e s .  At 1 2 0  km, n - 'L 6 x 1 0  cm 
v e r s u s  'L 5 x on e a r t h .  

12 -3  

It s h o u l d  be n o t e d  t h a t  t h i s  model does  n o t  u s e  d i r e c t l y  
t h e  i n f o r m a t i o n ,  t hough  l i m i t e d ,  of t h e  i o n o s p h e r i c  d e n s i t y  p ro -  
f i l e  i n  deduc ing  r e s u l t s  about  t h e  u p p e r  a tmosphere .  I t s  p r o -  
p o n e n t s  r a t h e r  a t t e m p t  t o  f i t  t h e  e m p i r i c a l  data on t h e  i o n o s p h e r e  
i n t o  t h e  framework of t h e i r  t h e o r e t i c a l  model,  w h i l e  u s i n g  t h e  
e m p i r i c a l  da ta  n e a r  t h e  s u r f a c e  as boundary v a l u e s .  

C o n s i d e r a t i o n  of  t h e  t e m p e r a t u r e  and d e n s i t y  a t  'L 1 2 0  km 
l e a d s  t h e  p r o p o n e n t s  of t h i s  model t o  t h e  c o n c l u s i o n  t h a t  t h e  
o b s e r v e d  i o n o s p h e r i c  l a y e r  i s  an  E l a y e r ,  ana logous  to t h e  
t e r r e s t r i a l  E l a y e r  formed under  s imi l a r  ambient  c o n d i t i o n s .  T h i s  
p e r m i t s  c a l c u l a t i o n  of  t h e  number d e n s i t y  a t  t h e  peak  from 
E q u a t i o n  (19) assuming a n  approx ima te  v a l u e  f o r  u .  S i n c e  u v a r i e s  
w i t h  wave leng th ,  t h i s  r e q u i r e s  i d e n t i f i c a t i o n  of  t h e  s p e c t r a l  
r a n g e  i n  t h e  s o l a r  f l u x  g i v i n g  r i s e  t o  p h o t o i o n i z a t i o n .  T h i s  

and n ? 5 x 1 0  . 
-19 2 

i s  assumed to be  soft X - r a d i a t i o n ,  l e a d i n g  to u % 1 0  cm ¶ 

12 

But t h i s  model a l s o  has t o  con tend  w i t h  a number o f  
s e r i o u s  d i f f i c u l t i e s :  1) to p r o v i d e  mixing  up to h i g h  a l t i t u d e s  
one has t o  invoke  a p h y s i c a l  mechanism, such  as eddy d i f f u s i o n .  
But a s s o c i a t e d  w i t h  t h e  l a t t e r ,  eddy h e a t  t r a n s p o r t  must be  
p r e s e n t ,  which would s e r i o u s l y  a f f e c t  t h e  heat  b a l a n c e  a r r i v e d  
a t  e a r l i e r  w i t h o u t  t a k i n g  accoun t  o f  t h i s  mode of h e a t  t r a n s p o r t ,  
and 2 )  t h e  absence  of  an  F l a y e r  h ighe r  up has t o  b e  e x p l a i n e d  
iLn t h e  p r e s e n c e  of t h e  i o n i z i n g  a g e n t  - t h e  UV r a d i a t i o n .  T o  
do s o ,  u n l i k e l y  h i g h  r a t e  c o e f f i c i e n t s  f o r  t h e  removal  of  i o n s  
i n  t h e  h i g h  a tmosphere  a r e  c a l l e d  f o r ,  e . g . ,  a r a t e  c o e f f i c i e n t  
k 2 1 0  

-6 3 + crn / s e c  f o r  t h e  r e c o m b i n a t i o n  o f  C02. 

Moreover t h e  shape  of t h e  p r o f i l e  of t h e  o b s e r v e d  
peak  a p p e a r s  t o  f i t  w e l l  t h e  t h e o r y  o f  a n  F2 l a y e r .  
a l s o  t h e  p r e s e n t  w r i t e r ' s  o p i n i o n  t ha t  t h e  s t r o n g  d i u r n a l  
v a r i a t i o n  i n f e r r e d  from Mar iner  I V  r e s u l t s ,  b u t  a b s e n t  i n  
the t e r r e s t r i a l  F r e g i o n ,  may w e l l  be e x p l a i n e d  by  t h e  o b s e r v e d  
c l o s e  p r o x i m i t y  o? t h e  two i o n i z a t i o n  peaks  on Mars, whose d i s -  
t a n c e  i s  on ly  'L 25 l im ,  w h i l e  on e a r t h  t h e y  a re  s e p a r a t e d  by 'L 2 0 0  km. 

It  i s  
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S i n c e  it a p p e a r s  t h a t  d i f f u s i o n  between t h e  two r e g i o n s  i s  
t h e  f a c t o r  g o v e r n i n g  t h e  d i u r n a l  v a r i a t i o n  o f  t h e  d e n s i t y  
p r o f i l e  ( 3 0 ) ,  t h e  s h o r t  d i s t a n c e  of s e p a r a t i o n  between t h e  
two p e a k s  may f a c i l i t a t e  t h e  r a p i d  decay  of e l e c t r o n  and 
i o n  d e n s i t y  a f t e r  s u n s e t .  

An a l t e r n a t e  i n t e r p r e t a t i o n  of t h e  o b s e r v e d  iono-  

s p h e r i c  l a y e r  has been  o f f e r e d  by Donahue (31), who i d e n t i f i e s  
t h e  f o r m e r  as a n  F 
9 x lo1' cm-3 a t  % 1 2 0  km, on  t h e  a s s u m p t i o n  o f  p h o t o i o n i z a t i o n  
by  E W .  The r e d u c t i o n  i n  d e n s i t y  f rom ground t o  t h i s  a l t i t u d e  
leads t h e n  t o  a n  a v e r a g e  s c a l e  h e i g h t  < H >  % 8 km, whence t h e  
a v e r a g e  t e m p e r a t u r e  of a C 0 2  a tmosphere  would be  % 150°K, a 
v a l u e  more c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  r a d i a t i v e  t r a n s f e r  
c a l c u l a t i o n s .  

l a y e r ,  deduc ing  a n  ambient  d e n s i t y  of  1 

IV . SUMMARY AND SOME SUGGESTIONS FOR FURTHER STUDY 

The s u r v e y  of  i n f o r m a t i o n  on t h e  M a r t i a n  a tmosphere  
I n  t h e  p r e c e d i n g  s e c t i o n s  r e v e a l s  t h e  g r e a t  u n c e r t a i n t y  which 
s t i l l  p e r s i s t s  w i t h  r e s p e c t  t o  t h e  a t m o s p h e r i c  s t r u c t u r e  a t  h i g h  
a l t i t u d e s ,  whereas t h e  o r d e r  of magni tude  of t h e  r e l e v a n t  para- - 
meters n e a r  t h e  ground a p p e a r s  now t o  b e  w e l l  e s t a b l i s h e d .  

The g rea t e s t  d i s c r e p a n c y  between t h e  v a r i o u s  models  
e x i s t s  i n  t h e  es t imate  o f  d e n s i t i e s  and t e m p e r a t u r e  i n  t h e  u p p e r  
at1no;phere. 
can  b e s t  be  removed, s h o r t  o f  d i r e c t  p r o b i n g  o f  t h e s e  l a y e r s .  

The q u e s t i o n  a r i s e s  how t h i s  d e f i c i e n c y  i n  knowledge 

It a p p e a r s  t h a t  t h e  f i r s t  t a s k  t o  be pe r fo rmed  i s  a 
renewed e f f o r t  a t  c o n s t r u c t i n g  a more u n i f i e d  t h e o r e t i c a l  model 
of t h e  M a r t i a n  a tmosphe re ,  i n c o r p o r a t i n g  t h e  knowledge g a i n e d  
f rom t h e  Mar ine r  I V  f l y b y ,  and i n c l u d i n g  a c o n s i s t e n t  t r e a t m e n t  
of t h e  i o n o s p h e r e .  The l a t t e r  may s e r v e  as a t e s t  i n  d i s c r i m i n a t i n g  
between t h e  v a r i o u s  p o s s i b i l i t i e s .  E x i s t i n g  models  i n e v i t a b l y  
were a pa tchwork  of  c a l c u l a t i o n s  u s i n g  i n p u t  p a r a m e t e r s  o f  q u e s t i o n -  
a b l e  v a l i d i t y ,  dependent  on unknown boundary v a l u e s  o f  t e m p e r a t u r e  
ana  p r e s s u r e ,  and on an unknown c o m p o s i t i o n .  These p a r a m e t e r s  
can  now b e  much b e t t e r  d e f i n e d .  I f  p o s s i b l e ,  a t t e m p t s  s h o u l d  be 
made t o  o b t a i n  a rough i d e a  of d i u r n a l  and s e a s o n a l  and o t h e r  
v a r > i a t i o n s  of t h e  i o n o s p h e r e .  

T h i s  a p p e a r s  t o  b e  e s s e n t i a l  i n  p r e p a r a t i o n  f o r  p r o p e r  
e v a l u a t i o n  of p r o s p e c t i v e  d a t a  t o  be  e x p e c t e d  from a d d i t i o n a l  
f l y S y s  and p o s s i b l e  M a r t i a n  o r b i t e r  m i s s i o n s  which have been  
s u g z e s t e d  as a f u r t h e r  s t e p  i n  e x p l o r i n g  t h e  M a r t i a n  a tmosphe re .  
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I n  a d d i t i o n  t o  o c c u l t a t i o n  measurements t h e  p o s s i b i l i t y  o f  t o p s i d e  
sound ing  of t h e  i o n o s p h e r e  shou ld  be  s t u d i e d .  The t e m p o r a l  and 
s p a t i a l  dependence of i o n o s p h e r i c  s t r u c t u r e  may o f f e r  a c l u e  t o  
t h e  a c t u a l  c h a r a c t e r  of t h e  obse rved  cha rged  l a y e r ,  and t h e r e f o r e ,  
e n a b l e  a b e t t e r  d e f i n i t i o n  of n e u t r a l  a t m o s p h e r i c  s t r u c t u r e :  

1) E v i d e n t l y  c o r r e c t  i d e n t i f i c a t i o n  of  t h e  t y p e  of  
i o n o s p h e r i c  l a y e r  d e t e r m i n e s  q u i t e  unambiguously 
t h e  o r d e r  of  magni tude of  t h e  ambient  a t m o s p h e r i c  
d e n s i t y ,  as can  b e  i n f e r r e d  f rom t h e  g r e a t  
d i f f e r e n c e  i n  d e n s i t y  o f  t h e  s i m p l e  t e n t a t i v e  
models d e s c r i b e d  i n  S e c t i o n  3 .  

2 )  On e a r t h  t h e  d i f f e r e n t  t y p e s  o f  l a y e r  e x h i b i t  
d i f f e r e n t  d i u r n a l  v a r i a t i o n ,  as ment ioned  i n  
S e c t i o n  3 .  Though t h e  d e t a i l s  o f  t h e  v a r i a t i o n  
on Mars may d i f f e r  from t h o s e  on e a r t h ,  i t  can  
be e x p e c t e d  t h a t  t h e  d i f f e r e n c e  i n  b e h a v i o r  
between t h e  d i s t i n c t  t y p e s  w i l l  n o t  be wiped o u t  
on Mars. 

3 j  T h e  same h o l d s  for t h e  s p a t i a l  v a r i a t i o n  o f  t h e  
d i f f e r e n t  l a y e r s .  On e a r t h ,  i n  view of  d i f f u s i o n  
i n  t h e  magne t i c  f i e l d ,  t h e  F2 l a y e r  shows v a r i a t i o n s  
s t r o n g l y  c o r r e l a t e d  w i t h  geomagnet ic  p o s i t i o n .  
Though an  uppe r  l i m i t  has been  e s t a b l i s h e d  f o r  t h e  

M a r t i a n  magne t i c  f i e l d  t h a t  of  t h e  e a r t h ,  
even  a weak f i e l d  may have e f f e c t s  on t h e  s t r u c t u r e  
of  an F l a y e r .  T h i s  f i e l d ,  i f  p r e s e n t ,  may b e  
amenable to d e t e c t i o n  by a n  o r b i t i n g  s a t e l l i t e  
w i t h  a p e r i a p s i s  of  2, 1 0 0 0  km. Thus,  o b s e r v e d  
s p a t i a l  v a r i a t i o n s  i n  t h e  i o n o s p h e r e  and c o r r e l a -  
t i o n  w i t h  t h e  magnet ic  f i e l d  o f  Mars may h e l p  i n  
i d e n t i f i c a t i o n .  

4) A s imi l a r  s t a t e m e n t  can  be made abou t  v a r i a t i o n  w i t h  
s o l a r  c y c l e .  On ea r th  t h e  s t r o n g e s t  r e l a t i v e  v a r i a -  
b i l i t y  w i t h  s o l a r  c y c l e  i s  d i s p l a y e d  by t h e  n i g h t t i m e  
F2 l a y e r  compared t.c t h e  n i g h t t i m e  E layer, where 
l i t t l e  or no changes can  be s e e n  between s o l a r  maximum 
and m i n i m u m  (see e . g . ,  F i g u r e  4 . 2  i n  ( 3 0 ) ) .  

Another  p o s s i b l e  s t e p  i n  t h e  s t u d y  o f  t h e  M a r t i a n  a tmosphere  
may b e  f u r t h e r  s p e c t r o s c o p i c  s t u d y  from a s a t e l l i t e - b a s e d  obse rva -  
t o r y  f r e e  of t h e  d i s t u r b i n g  e f f e c t s  of  t h e  t e r r e s t r i a l  a tmosphe re .  
Such a s t u d y  may narrow the u n c e r t a i n t y  i n  abundance o f  minor  compo- 
n e n t s  such  as C O ,  02, and 0 ,  whose r e l a t i v e  abundance may o f f e r  i n -  
s i g h t  into t h e  c h a r a c t e r  of t h e  t r a n s i t i o n  from mix ing  t o  d i f f u s i v e  
s ep a r  a t i o ri . 
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Obvious ly  a f i n a l  answer t o  t h e  problem o f  t h e  M a r t i a n  
u p p e r  a tmosphe re  w i l l  have t o  wait u n t i l  d i r e c t  p r o b i n g  of t h e  
a tmosphe re  can  be  e f f e c t e d  i n  c l o s e  ( z  200 km) f l y b y .  But 
c o n s i d e r a b l e  p r o g r e s s  i s  p o s s i b l e  e a r l i e r  i f  a c o n c e r t e d  e f f o r t  
of s t u d y  i s  made i n  t h e  r i g h t  d i r e c t i o n .  

A number o f  s p e c i a l  p roblems t o u c h i n g  on t h e  s t r u c t u r e  
of t h e  M a r t i a n  a tmosphere  e x i s t  which have n o t  been  t r e a t e d  i n  
t h i s  r e v i e w  s u c h  a s ,  for i n s t a n c e ,  t h e  problem of  Blue Haze, 
t h e  q u e s t i o n  o f  l i f e ,  e t c .  I t  i s  f e l t ,  however,  t h a t  a b e t t e r  
d e f i n i t i o n  of t h e  g e n e r a l  a t m o s p h e r i c  s t r u c t u r e  has t o  p r e c e d e  
t h e  s o l u t i o n  o f  t hese  q u e s t i o n s ,  s i n c e  c l e a r e r  i n s i g h t  i n t o  
t h e  f o r m e r  w i l l  e l i m i n a t e  a number of s u g g e s t e d  s o l u t i o n s  for 
t h e  l a t t e r .  I n  view o f  t h i s ,  t h e  p r e c e d i n g  s u r v e y  has been 
r e s t r i c t e d  t o  " p u r e l y "  a tmosphe r i c  p rob lems .  

The a u t h o r  w i s h e s  t o  t h a n k  Messrs. B. T .  Howard, 
D.  B .  James,  and  W .  B .  Thompson who have a r o u s e d  h i s  i n t e r e s t  
i n  t h e  s u b j e c t .  

1012-ML-csh M. L i w s h i t z  
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F I GURE I - RELEVANT ANGLES I N ASTRONOMICAL OBSERVATIONS OF PLANETS 
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FIGURE 5 - MODELS OF MARTIAN ATMOSPHERIC 
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